Introduction
Carbon dots (CDots) are a kind of fluorescent nanomaterials, developed in recent years. [1] [2] [3] [4] [5] [6] [7] [8] [9] Compared with traditional organic fluorchromes, CDots have unique optical properties, such as a relatively high fluorescence intensity and high photostability, 1 as well as tunable excitation and emission spectra. 2 Meanwhile, CDots have exhibited some advantages over widely used quantum dots, 10, 11 such as good biocompatibility, low toxicity, 1 low molecular weight and small size. 3 The superior optical properties show that CDots have potential applications for bioimaging 5, [12] [13] [14] [15] [16] and sensing fields. Quantum dots have been widely applied for DNA, [17] [18] [19] vitamin, 20 carbohydrate, 21, 22 protein, 23 and drug 24 detection. However, to the best of our knowledge, fluorescent CDots have never been applied to DNA detection. We found that methylene blue (MB) can bind with CDots and quench the emission from CDots. The fluorescence of CDots can be restored in the presence of DNA because MB binds with DNA specifically. In our experiments, we found that the relative fluorescent intensity exhibited a linear relationship with the concentration of ct-DNA in a range from 3.0 × 10 -6 to 8.0 × 10 -5 mol L -1 . Based on this, we have successfully developed a new system for the detection of DNA (Fig. 1 ). This method is simple and sensitive. It also shows the potential application of CDots for quantitive analysis.
Experimental

Reagents and chemicals
CDots with an average diameter of 1.5 nm were prepared, as previously reported. 4 MB and calf thymus DNA were purchased from Shanghai Third Reagent Factory China and Sino-American Biotechnology Company, respectively.
Two synthetic oligonucleotides with their sequences (5′-CATGATTGAACC-ATCCACCA-3′, 3′-GTACTAACTTGGTAGGTGGT-5′) were purchased from Shanghai Sangon Biotechnology Company. Stock solutions of nucleic acids were prepared by directly dissolving commercial ct-DNA in ultra-pure water, and the concentration of ct-DNA was determined using the 260 nm UV absorbance. Single-stranded DNA (ss-DNA) was prepared by treating ct-DNA at 94 C for 5 min and cooling rapidly in an ice-water bath. All other chemical reagents used were of analytical reagent grade. Ultra-pure water (18.2 MΩ) was prepared by a Milli-Q-Plus system and used throughout.
Apparatus
UV-vis absorption spectra and fluorescence spectra were recorded using a UV-2450 UV-Vis spectrophotometer (Shimadzu, Japan) and an F-4500 fluorescence spectrometer (Hitachi, Japan), respectively.
Procedures
Quenching effect of MB on CDots fluorescence intensity: 50 μL of 1.0 × 10 -4 g mL -1 CDots was mixed with a 50 μL, 0.1 mol L -1 phosphate buffer solution (pH 7.4). Then, a series
In the present work, we found that methylene blue (MB) caused an efficient quenching of the fluorescence of carbon dots (CDots). However, as ct-DNA was added, the fluorescence of CDots was restored reversibly. Under the experimental conditions, CDots were excellent electron donors. MB adsorbed on the surface of CDots and quenched the fluorescence of CDots through an electron-transfer process; and then the addition of DNA caused a restoration of the CDots fluorescence intensity, since DNA could bind with MB and remove it from the CDots. Based on this phenomenon, we developed a new system for DNA detection. A sensitive detection of ct-DNA with a detection limit of 1.0 × 10 -6 mol L -1 and a linear detection range from 3.0 × 10 -6 to 8.0 × 10 -5 mol L -1 with a relative fluorescence intensity of CDots were achieved.
To the best of our knowledge, this is the first use of CDots for DNA detection. ) were mixed. DNA solutions with different concentrations were added into the above mentioned mixture solution, and were finally diluted to 500 μL. After being incubated for 15 min, fluorescence spectra were recorded upon 467 nm excitation.
Results and Discussion
Quenching effect of MB on CDots fluorescence intensity
The quenching of CDots fluorescence by MB was a rapid process. The quenching efficiency achieved its maximum in 5 min, and remained constant for at least 2 h. We thus recorded the fluorescence after 15 min of incubation. Meanwhile, the quenching coincided with the Stern-Volmer equation very well (Fig. 2) .
The . The quenching efficiency decreased in the presence of NaCl (Fig. 3) . This indicated that electrostatic interaction played an important role in the quenching, and MB quenched CDots via an electron-transfer process. 9 Fluorescence restoration of CDots-MB system by ct-DNA After being quenched by MB, the fluorescence of CDots was restored in the presence of ct-DNA (Fig. 4) . Under the experimental conditions, MB adsorbed on the surface of CDots, and quenched the fluorescence from CDots. DNA could bind with MB 17, 25 and released MB from the surfaces of CDots. As a result, the fluorescence from CDots was restored.
Because higher concentrations of DNA caused a more efficient restoration of the CDots fluorescence, the CDots-MB system can be used for DNA detection. We investigated the effects of the CDots concentration, the pH value and the incubation time on DNA detection, and optimized the conditions.
Optimal CDots concentration
To optimize the CDots concentration, different concentrations of CDots (in a range from 5.0 × 10 -6 to 4.0 × 10 -5 g mL -1 ) mixed with MB and ct-DNA. The fluorescence restoration efficiency of the CDots-MB system decreased as the CDots concentration increased. As the CDots concentration decreased to 5.0 × 10 -6 g mL -1 , the fluorescence restoration efficiency reached the maximum value, though the fluorescence intensity was very weak, and the linear range was very narrow for the low CDots concentration. We thus selected a 1.0 × 10 -5 g mL -1 CDots concentration as the optimal value.
Optimal pH value
After 50 μL of CDots stock solutions, 80 μL of MB solutions ) were mixed, the fluorescence spectra were recorded. Figure 5 shows that as the pH value decreased, the ct-DNA induced fluorescence restoration increased gradually (where I2 and I1 are the fluorescence intensity of CDots-MB mixture in the presence and absence of ct-DNA, respectively). When the pH value was 5.0, the restoration efficiency reached the maximum value. Unfortunately, the repeatability of the fluorescence intensity measurement was very poor at pH values below 7.0 (for three replicate measurements, RSD near 30%). When the pH value was above 7.0, the repeatability was good (RSD was no more than 3.0%). Considering both the sensitivity and the repeatability, we chose 7.4 as optimal pH value. 
Optimal incubation time
The ct-DNA induced fluorescence restoration was insensitive to the incubation time. After DNA addition and after 10 min incubation, the fluorescence intensity reached the maximum value and remained stable for at least 2 h. We thus determined the fluorescence intensity after incubating DNA with the CDots-MB mixture for 15 min.
Under the optimum conditions, the relative fluorescence intensity, I2/I1 exhibited a linear relationship with the concentration of DNA in the range from 3. (Fig. 6) ; the detection limit was 1.0 × 10 -6 mol L -1
. The relative standard deviation was 2.8% (n = 7) for determining 1.5 × 10 -5 mol L -1 DNA.
Different responding to ds-DNA and ss-DNA
The CDots-MB system can respond to both ds-DNA and ss-DNA. Under the same conditions, ds-DNA caused more efficient fluorescence restoration than ss-DNA (Fig. 7) . This is due to the fact that the binding between MB and ds-DNA is stronger than that between MB and ss-DNA. MB binds with ds-DNA via both an electrostatic interaction and intercalation, 17, 25 while MB binds with ss-DNA via only an electrostatic interaction. 17 Thus, ds-DNA removed MB from CDots more efficiently than ss-DNA, and hence ds-DNA restored CDots fluorescence more efficiently than ss-DNA.
Otherwise, we explored synthetic ds-DNA (5′-CATGATTG-AACCATCCACCA-3′, 3′-GTACTAACTTGGTAGGTGGT-5′) and ss-DNA (3′-GTACTAACTTGGTAGGT GGT-5′) applications in our system. We found that the fluorescence of CDots-MB was restored in the presence of synthetic ds-DNA or ss-DNA. Under the same conditions, synthetic ds-DNA could also cause more efficient fluorescence restoration than synthetic ss-DNA conformity with a prior experimental result.
Conclusion
We have developed a novel fluorescence restoration system for DNA detection. It was found that MB could quench the fluorescence of CDots efficiently; ds-DNA binded with the MB specifically and restored the fluorescence from CDots. ss-DNA could also restore the fluorescence of CDots, but the restoration efficiency was lower than that of ds-DNA for the weaker binding between ss-DNA and MB. This CDots-based fluorescence turn-on method shows merits of simpleness and sensitivity. To the best of our knowledge, this is the first use of CDots for DNA detection. Our results also show the potential application of CDots in quantitive analysis. 
